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ABSTRACT 
A theoretical model of time-dependent flow based on Reynolds 
equation using emulsion processing in a Cavity Transfer Mixer (CTM) 
has been developed in Mathematica and is presented in this work. It is 
a continuum model, which allows the study of materials undergoing  
rapid deformation. The flow of a fluid in a CTM is examined using a 
finite difference analysis (FDA) to solve the flow equations for an 
unwound section with cavities arranged in a rectangular pattern. 
Periodic boundary conditions are included in the model to predict the 
pressure distribution, which allows subsequent determination of the 
flow field.  
 
The solution procedure gives a smooth function for the pressure field, 
with equal pressures at the boundaries in the y-direction and an overall 
mean pressure gradient in the x-direction. Once the pressure has been 
found, several flow properties follow directly.  The flow in the 
downstream axial direction is seen to consist of purely pressure-driven 
flow. In contrast, the flow in the cross-cavity direction is a 
recirculating flow driven by the drag velocity of the moving rotor 
surface. These two flows taken together combine into a helical flow 
travelling through the cavity. Because of this, there is likely to be a 
high degree of laminar and distributive flow in this type of machine. 
 
The experimental part of this work addresses the processing of an 
emulsion in the CTM when it is run under batch and continuous modes 
of operation. The flow characteristics have been studied for varying 
rotor speeds of 0 rpm, 16 rpm, 32 rpm, 48 rpm and 64 rpm. Also 
studied were the changes that the emulsion exhibits along the mixer 
length and with time in the mixer.  The experiments indicate that 
increase in the rotational speed causes the viscosity to reduce 
systematically in both batch and continuous modes of operation.  
 
1. INTRODUCTION 
The work has been motivated by the increasing need to develop 
methods for modelling the flow field in a mixer including the 
characteristics such as flow rates and velocity fields. The process 
kinematics and dynamical behaviour of the system has also been 
elucidated with the experimental study reported in the second part of 
this work. These processes are widely applied in many industries, and 
have applications in the processing of paper, polymers, 
pharmaceuticals, and ceramics. 
 
The context for this work is the mixing of emulsions in the Cavity 
Transfer Mixer. This device was originally developed for distributive 
mixing. It has been used in reciprocating injection moulding when 
extra mixing is required and allows in-process blending in rubber and 
plastic applications to obtain homogeneous coloured outputs as plastic 
applications to obtain homogeneous coloured outputs as  described by 1
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Wang and Manas-Zloczower [1996]. However, it also has significant 
potential for the processing of emulsions.  
 
The mechanical arrangement of the CTM consists of a rotor and a 
stator having staggered rows of hemispherical cavities such that the 
cavities of the rotor overlap those of the stator in order to form a 
continuous path through the device. The connectivity of the network of 
pathways through the cavities is very complex due to the moving 
boundaries. The flow is a combination of shear, rotation and 
elongation. The rotation of the rotor produces a chopping action whilst 
viscous drag between the passing surfaces provides a turning 
mechanism during transfer between cavities. A photograph of the 
laboratory scale CTM used in the current work is shown in figure 1. 
 
                         
 
                Figure 1. The rotor and stator  
      assembly  of the laboratory  scale CTM. The 
 cavities  in the aluminium rotor appear as darker circles.  
 
2. MODELLING BACKGROUND 
Lin [1987] modelled the overall flow patterns in the CTM using a first 
approximation variable annular mixer model and concluded that 
distributive mixing and laminar shear are the predominant mechanisms 
in the CTM. 
 
Bromilow and Hulme [1986] presented a mixing analysis  based on the 
transient velocity field generated in their work. They concluded that 
having determined the transient velocity field for a system with given 
parameters, its mixing performance can be quantified. Satisfactory 
laminar mixing must meet two requirements; increase in interfacial 
area between mixing components and uniform distribution of 
interfacial area elements throughout the system. Copyright © 2003 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
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The flow of the material from cavities on the rotor to cavities on the 
stator is well illustrated in a series of publications by Wang and Manas 
Zloczower [1994a, b]. They generated projections of velocity vectors 
in the y-z (transverse) and x-y (axial) planes and concluded that the 
material experiences more elongation when passing from the cavities 
on the rotor to the cavities on the stator.  
  
Power [1996] attempted to model the flow field in a CTM, but this 
work was truncated in an incomplete form. A similar approach has 
been adopted and carried to completion in the present work.  
3. OVERVIEW OF THE MODEL 
The flow of a fluid in a CTM is examined using a finite difference 
analysis to solve the flow equations for an unwound section with 
cavities arranged in a rectangular pattern. The changing complex 
geometry of the mixer is periodic in time and in two spatial directions 
(axial and circumferential). Only a single unit cell of the periodic 
geometry needs to be analysed. Since the Reynolds equation deals 
with nearly parallel flow, the actual  hemispherical cavity geometry is 
approximated by a smoothly varying function. 
  
3.1 CTM Geometry and Cavity Arrangements 
Figure 2 illustrates the arrangement of the stator and rotor of a typical 
CTM. The upper part of the figure shows a cross section of the stator 
and rotor cavities, illustrating the sinuous path available for fluid to 
flow through the mixer. The lower part of the figure shows an exterior 
plan view of the cavities on the rotor.  
          Figure 2. The arrangement of the stator                                  
            and rotor cavities. The upper half of the figure shows 
            a  cross-sectional  view and the lower half shows a plan view 
 
The cavities are actually cut into the surface of a cylinder, but here the 
cylinder surface is represented as a plane. This planar configuration is 
also used in the model, where the CTM is said to be unwound. This 
simply means that the curvature of the annular gap between the stator  
and rotor is neglected. 
 
In the rectangular pattern, cavities are in-line both axially and 
circumferentially. The axial overlap of the stator and rotor cavities is 
normally about 50 percent, as shown in Figure 2. 
 
Figure 3 shows a diagram of a set of cavities of the rotor and stator 
showing the rectangular coordinate system used, x, y and z for the 
axial, lateral (circumferential) and depth (radial) directions 
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maximum cavity height, h0 is half the radial clearance between 
the stator and rotor. The speed of rotation of the rotor is N 
revolutions per unit time, and V is the velocity of the rotor 
cavity walls (in the y-direction) equal to πDrN, where Dr is the 
diameter of the rotor.  
              
                         Figure 3. The rectangular x, y, 
                z-coordinate system and  dimensions.  
           The rotor  moves with  velocity V in  the y-direction 
 
Figure 4 shows the arrangement of the cavities at different times in the 
periodic motion. The period of the motion is denoted by T. After a 
whole number of periods, eg t = 0, T, the cavities are aligned in the 
axial (x) direction, as shown in Figure 4a. At intermediate times, eg t = 
T/2, the cavities are offset in the circumferential (y) direction, as 
shown in Figure 4b.  
 
           (a)         
 
                         
               (b) 
                                
 
                                 Figure 4b.  Plan view of the  
             arrangement   of  the  cavities on the   rotor   (bold) 
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Down3.2 Approximation of the CTM geometry for the Model 
The hemispherical cavity geometry for the stator and the rotor is 
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also  for 0 ≤ x ≤ α , 0 ≤ y ≤ β. 
 
Where α is the axial distance between cavity centers, and β is the 
transverse distance between cavity centers. In the current model, the 
land region is very small, so both α and β are taken to be equal to the 
cavity diameter d. Also x0 is the axial offset, normally α/2 (or 50 
percent offset/ overlap), t is the time and thus T = β/V is the period of 
the time-dependent flow.  
 
The total depth between the stator and rotor cavities is 
),,(),(),,( 21 tyxhyxhtyxh −=                                       (3) 
 
3.2 The Model Equations 
Starting with the equations of motion as given by Bird et al. [1960] in 
rectangular coordinates (x, y, z) and then in terms of the v iscous shear 
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Considering the axial flow to be fully developed, the derivatives of 
shear stress and velocity with respect to x can be neglected and in the 
equations of motion they are set to zero. Similarly, if the flow is fully 
developed in the cross-cavity direction, the derivatives with respect to 





































p        (7) 
 
and with the boundary conditions there is ‘no slip’ at each surface of 
the CTM 
 
On  z = h1 (x, y),  u = 0, v = 0, w = 0.                                         (8) 
 
On  z = h2 (x, y, t),   u=0,  v=V,   w = 0                                         (9) 
 
Where V = π Dr N is the velocity of the rotor surface. 
A suitable form of the Reynolds equation for unsteady incompressible 
Newtonian flow is obtained using the lubrication approximation and 
above mentioned boundary conditions. 3






































233 26       (10) 
 
This is the form of the Reynolds equation that is solved in the current 
model. There are a large number of operating parameters and 
dependent variables in the CTM model. Hence it is not possible to give 
an exhaustive account of every aspect of the solution. Instead, some of 
the details of the solution are described for representative cases. Thus 
the solutions presented below are particular rather than general. This is 
a necessary feature of numerical solutions. 
 
3.3 Solution for the Pressure 
To find the pressure distribution in the mixer, the equation is solved 
numerically using a finite difference scheme on a rectangular grid with 
periodic boundary conditions and an overall pressure gradient 
specified in the x direction. This procedure gives a smooth function for 
the pressure field, with equal pressures at the boundaries in the y-
direction and an overall negative mean pressure gradient in the x-
direction.   
 
Figure 5 shows typical distributions of the pressure when the cavities 
are aligned (at t = 0 or t = T) and after half a period (at t = T/2).  
 
              
 
Figure 5a.  Solution for the  
pressure distribution within the unit  
cell  when the cavities are aligned  at t = 0 or t = T.  
         
 
Figure 5b.  Solution for the  
pressure  distribution within the unit cell when  
the  cavities  are aligned  after half a period at t = T/2. 
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DownThese 3D plots show the pressure on the vertical axis, with the x- and 
y-coordinates corresponding to the physical dimensions of the unit 
cell. It is clear that the pressure distribution responds to the change in 
geometry as the rotor rotates. When the cavities are aligned (figure 
5a), the pressure distribution is quite smooth, with a nearly uniform 
gradient in the flow direction, and only very small transverse 
gradients. More significant distortion of the pressure field can be seen 
to occur when the rotor rotates, and the cavity alignment is changed 
(figure 5b). 
 
3.4 Solutions for the Flow Rate Functions 
The functions used for the axial flow rate, qx, and cross-cavity flow 
rate, qy, per unit width of the cavity are determined from (11) and (12) 
together with the finite difference form of the pressure gradient 
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Figures 6 shows the distributions of the two flow rate components, qx 
and qy, when the cavities are aligned at t = 0. In these figures, the 
vertical axis  represents the  respective component of   the  flow rate,  
while the x- and y-axes indicate the physical coordinates in the 











































     b)            
                                Figure 6. Solution for 
                    the flow rate  functions in the unit cell at 
               t = 0.  (a) x-component qx. (b) y-component qy. 
 
4
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Us                                                                     
3.5 Solution for the Velocity Field 
The velocity components u and v, in the x and y coordinate directions 
are given in terms of the pressure gradients and the stator and rotor 
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So far, in this model, the flow and thus the fluid particle motion in the 
mixer have been solved in a two-dimensional manner using the 
pressure gradients. However, the cavity flow is fully three-dimensional 
so it is essential to also consider the third component (w) of velocity in 
the z-direction. 
 
The velocity in the third dimension can be obtained by considering 
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The three velocity components are functions of the three co-ordinates 
(x, y, z) as well as time t, so it is not possible to describe the entire set 
of results. Sample results are shown in the mid-section of the annulus 
(the plane z = 0) and at two representative times in the periodic motion 
(t = 0 and t =T/2) in Figures 7-9. These figures show each velocity 
component as the vertical coordinate on a surface plot.    
 
The velocity u (Figures .7a, b) is driven by the axial pressure gradient. 
The figures show the values of u in the plane z = 0, and  this and stator 
are furthest from this plane. When the cavities are aligned at t = 0 or T, 
there are two peaks in u corresponding to the two rotor cavities 
beneath the stator cavity. At t = T/2, the number of peaks has increase 
to four, corresponding to the four rotor cavities that partially overlap 
the unit cell (Figure 3.7b), but the magnitude of the peaks is lower.  
 
The v-component of velocity (Figures 8a, b) is determined by the 
rotation as well as the pressure gradient. The drag component of the 
motion is largest near the rotor surface and smallest near the stator 
surface. This explains the ridge of high velocity (in the plane z = 0) 
under the peak of the stator cavity. 
 
The third (w) component of velocity is given by the highly complex 
expression (15) and so is not easily interpreted. However, it is clear in 
Figures 9 that the velocity is positive in the upstream part of the unit 
cell, where the fluid flows upwards into the stator cavity, and negative 
in the downstream part, where the fluid flows downwards out of the 
stator cavity 
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             Figure 7. Distribution of the velocity  
component u in the plane z = 0.  (a) t = 0, T.  (b) t = T/2 
 
 
 (a)         
 
        (b)   
Figure 8. Distribution of the velocity  
component v in the plane z = 0.  (a) t = 0, T.  (b) t = T/2 loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of U           (a)                    
            (b)    
 
                    Figure 9. Distribution of the velocity 
          component  w in the plane z = 0.  (a) t = 0, T.  (b) t = T/2 
 
 
The distribution of velocities may be examined at any 2-D cross-
section of the flow  domain in  the x-z, y-z, or x-y planes by plotting 
the velocity vector fields. Figure 10 shows vector field plots for flow 
in the axial (x-z) and cross-cavity (y-z) planes. In these figures, the 
flows are between the stator, at the top, and the rotor at the bottom 
boundaries. Each figure shows the velocity field at t = 0 or T when the 
cavities are aligned, and each shows a mid-section of the stator cavity. 
 
Figure 10a shows the  flow in the middle cross-section of the CTM 
rotor and stator cavities (y = β/2) at time t = 0 or T when the cavities 
are aligned and Figure10b shows the  flow in the middle cross-section 






               a)             
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         b) 
                              Figure 10. 2-D velocity vector field in 
                 a) an axial (x-z) plane and b) a cross-cavity (y-z) plane.  
 
The flow in the downstream axial direction (Figure 10a) is seen to 
consist of purely pressure-driven flow. In contrast, the flow in the 
cross-cavity direction is a recirculating flow driven by the drag 
velocity of the moving rotor surface. These two flows taken together 
would combine into a helical flow travelling through the cavity [van 
der Meer, 1992]. Because of this, there is likely to be a high degree of 
distributive mixing in this type of machine. 
 
It should be emphasized that figures (5-10) represent only snap shots 
of the time-dependent flow field. Even though these flow fields are 
representative of the motion in the mixer, general conclusions should 
be drawn only with caution. 
 
4. EXPERIMENTS 
The mechanical arrangement along with recycle line for continuous 
mode of operation is shown in figure 11.  The experiments were 
performed using this transparent model CTM to process a pre-prepared 
emulsion with fixed inlet flow rates and no dilution.  The feed was 
introduced into the mixer by gravity flow through the feed point in 
either batch mode (no through flow) or in semi-continuous mode 





          
           Figure 11  The mechanical arrangement  
    of the CTM with through flow and  recycle for a  
semi continuous process [Modified from Mietus,1999]. 
 
For batch experiments, the Perspex CTM was filled with a batch of 
40% by weight stabilized emulsion consisting of Demineralised Water 
(27.73%), Glucose Syrup (30.20%), Commercial Stabilizer (2.01%), 6
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carefully displaced by opening small screws present in the stator 
cavities during the fill-up process. The first sample of 25ml was taken 
without rotor movement, just after filling the CTM. Fresh replacement 
fluid was allowed to flow into the CTM from a small feed reservoir 
during sampling to avoid the formation of air bubbles or pockets inside 
the CTM. Since the samples taken were quite small (25ml), the effect 
of the replacement emulsion on the large volume in the CTM was 
negligible. Subsequently, the rotor was set at speeds of 16rpm, 32rpm, 
48rpm and 64rpm, and the sampling process was repeated. Three 
samples of processed emulsion were taken for each rotor speed at 
equal time intervals of 4 minutes. These samples were then analysed 
using the Paar Physica rheometer to characterise mixing performance 
through this rheological  measurement. 
For the continuous flow experiments, the feed reservoir was  changed 
to a 12 liter vessel mounted on the feed point, as shown in figure 11.  
The CTM was first filled with 40% emulsion as described for batch 
operation, and then the feed reservoir was filled up. The feed rate of 
200 kg/hr was set manually at the outlet valve (port 3 in figure 11).  
 
4.1 Effect of Rotor Speed on  Mixing along the Mixer  ength  
Is the emulsion the same throughout the mixer? This has been 
examined by measuring samples from port 1 (near the feed point) and 
port 2 (half way along).  Figure 12 shows the values of low shear rate  
viscosity (at a shear rate of 1 s-1 ) plotted against rotor speed at port 1 
and port 2 during batch processing. 
 
It is clear from this figure that, when the batch is first loaded into the 
machine, the emulsion (premixed) has no difference of viscosity but, 
when the rotor is rotated slowly, different portions of the emulsion 
have different viscosities. This difference in viscosity becomes 













            
 
                  Figure 12 Variation of low shear rate  viscosity 
(at  shear rate of 1 s-1 ) for  samples taken during  CTM  
         batch operation for different  rotor speeds and sample points 
 
4.2 Viscosity Variation With Rotor Speed 
Figure 13 shows the viscosity variation with shear rate at different 
rotor speeds. The effect of rotor speed on viscosity is clear.  
      
The viscosity decreases when the speed is increased from zero to 32 
rpm and changes very little at higher speeds. The range of upper 
Newtonian viscosity values is between   0.055 – 0.065 Pa-s which is 
lower than those observed during batch operation. Thus the flow 
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that the data gathered with no rotation do not converge with the other 
data at high shear rates. These samples possess distinct properties that 
remain even after shearing at 1000 s-1. It is possible that, when there is 
no rotation, a degree of phase separation occurs in the mixer so that 




                        Figure 13 Variation of viscosity with 
          shear rate at different rotor speeds with 4min operation. 
 
4.3 Viscosity Variation With Time 
Figure 14 shows the effect of running time on the viscosity without 
rotation.  
 
Corresponding data measured at 32 rpm and 64 rpm are shown in 
figures 15 and 16 respectively. In each case there is a slight decrease 
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                     Figure 14  Variation of viscosity with  
        shear rate for different running times without rotation. 
 



















   
                 

















            rate for different running times at 32rpm rotor speed. 























                     Figure 16 Variation of viscosity with  shear  
              rate for different running times at 64rpm rotor speed. 
 
There is no sign of a power-law regime for the samples processed in 
continuous operation. The upper Newtonian viscosity for the above 
sets of data is plotted against rotor speed and time of processing at 
these speeds in figures 17 and 18. Here the upper Newtonian plateau is 
not evident, the viscosity at 1500 s-1 is shown.     
The viscosity values decrease slightly from 0.066 Pa-s to 0.052 Pa-s as 
the rotor speed is increased from zero to 64 rpm. At each speed, there 
is gradual decrease in viscosity with time, by 10% over 12 minutes. It 
is surprising that when the speed was changed from 32 rpm to 64 rpm, 
the viscosity initially increased (64 rpm, 0 minutes is higher than 32 
rpm, 12 minutes), and took the full 12 minutes to fall below the lowest 
value recorded at 32 rpm. 
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      Figure 17 Variation of upper  
       Newtonian viscosity with rotor speed  














         Figure 18 Variation of upper  
        Newtonian viscosity with time at 





























Down5. Discussion  
The processing of the emulsion through batch operation in an actual 
CTM gave us the obvious result that there is inadequate or no mixing 
at the lower values of rotor speed. The viscosity profiles for the 
emulsion after batch processing in the CTM are much flatter (higher 
value of n) than those obtained for the unprocessed emulsion. This can 
be attributed to the droplet breakup processes that occur during 
processing in the CTM. In batch operation, only the rotation of the 
mixer is used. This produces a shearing effect which is very similar to 
the breakup processes in the rheometer The viscosity profiles tend to 
converge at high shear rates. This reflects the fact that some 
“processing” is actually taking place in the rheometer. 
 
For samples taken during continuous operation of the CTM, the power 
law regime for the viscosity is not evident compared to samples from 
batch operation. However, the upper Newtonian viscosity regime is 
extended in this case, particularly when there is no rotation. In the 
latter case, some phase segregation may occur. 
 
In continuous operation, with rotation, the shearing action of the mixer 
is augmented by the distributive mixing processes which occur as the 
flow divides between cavities and recombines multiple times in its 
path through the mixer. This distributive mixing creates a combination 
of additional motions that significantly enhance the droplet breakup 
mechanism. In the present experiments, the through flow was rather 
slow, with a residence time in the CTM of about 40 sec. The 
equivalent ‘residence time’ for rotation is the period, which is less than 
1 sec for rotation at 64 rpm. Hence it can be concluded that the 
distributive action of continuous processing is disproportionately 
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